this genus (Pranamuda and Tokiwa, 1999) . In later studies all strains of actinomycetes able to produce PLA-degrading enzymes at 30 C belonged to the family Pseudonocardiaceae and related genera, including Amycolatopsis, Lentzea, Kibdelosporangium, Streptoalloteichus and Saccharothrix (Tokiwa and Jarerat, 2003) . Tokiwa and Jarerat (2004) suggested that Pseudonocardiaceae and related genera play an important role in microbial degradation of PLA. Recently, molecular techniques were used to study unculturable PLA-degrading microorganisms in the ecosystem. Sangwan and Wu (2008) reported that gene sequences from genera Paecilomyces, Thermomonospora and Thermopolyspora comprised the majority of the population in compost consisting of PLA. In this study, cultivable microorganisms capable of producing PLAdegrading enzymes were isolated from forest soil at high temperature. The phylogenetic relationship of new isolates was examined. In addition, a novel PLAdegrading enzyme produced by a potent strain was purifi ed and characterized.
Materials and Methods
Isolation. Each 0.1 g soil sample from the surface layer was suspended in 9 ml sterile distilled water, mixed well and then spread plated on an emulsifi ed PLA agar plate and incubated at 50 C. The medium was prepared as follows: 1 g PLA pellet (LACEA, Japan) was dissolved in 40 ml dichloromethane. To 1,000 ml of a basal medium (containing per liter, (NH 4 ) 2 SO 4 , 4 g; K 2 HPO 4 , 2 g; KH 2 PO 4 , 1 g; MgSO 4 7H 2 O, 0.5 g; yeast extract, 1 g; agar, 15 g, pH 7.0; sterilized at 121 C for 15 min), 40 ml of the PLA solution was added. The medium was sonicated with an ultrasonic processor model VCX 500 (Sonic and Materials, Inc., Newtown, USA) for 5 min. The colonies forming clear zones were selected as PLA-degrading strains and were sub-cultured and purifi ed on an emulsifi ed PLA agar plate.
Identifi cation of PLA-degrading strains. The isolated strains that formed clear zones on emulsifi ed-PLA agar plates were studied for phylogenetic relationship based on 16S rDNA sequencing. Genomic DNA was extracted from all strains as described by Hopwood et al. (1985) . Further purifi cation steps, including RNase treatment, were carried out according to the method of Saito and Miura (1963) . A gene fragment specifi c for 16S rRNA gene-coding region was amplifi ed by means of PCR. Two primers, 9F (5 -GAGTTTGATCCTGGCT CAG-3 ) and 1541R (5 -AAGGAGGTGATCCAGCC-3 ) were used. All primer positions were specifi ed by the Escherichia coli numbering system (Brosius et al., 1978) . The amplifi ed and purifi ed 16S rRNA genes were sequenced directly with a Big Dye terminator V3.1 Cycle sequencing kit on an ABI 3100 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA). Multiple alignments of the sequences obtained were performed using the program CLUSTAL X (version 1.81) (Thompson et al., 1997) . Gaps and ambiguous bases were eliminated. 16S rDNA sequences were aligned and a phylogenetic tree was constructed by the neighbor-joining method (Saitou and Nei,1987) , using the MEGA 3 program (Kumar et al., 2004) . Distance matrices for the aligned sequences were calculated by the two-parameter method of Kimura (1980) . Robustness for individual branches was estimated by bootstrapping of 1,000 replications (Felsenstein, 1985) .
Morphological and biochemical characteristics of PLA-degrading actinomycetes. To examine the degree of growth, pigmentation and color of colony, the strains were grown on yeast-malt extract agar (International Streptomyces Project (ISP)-2), oatmeal agar (ISP-3) and inorganic salt-starch agar (ISP-4) as described by Shirling and Gottlieb (1966) . Morphological structures were observed using a scanning electron microscope (model JSM6060, JEOL, Ltd., Tokyo, Japan). The strains were examined for the ability to degrade skim milk (skim milk medium) and tween 80 as described by Hamada (2000) . Growth temperatures were assessed using ISP-2 medium. Utilization of carbon sources was tested by using carbon utilization medium (ISP-9) modifi ed from Pridham and Gottlieb medium (1948) . Each carbon source was added to ISP-9 medium to give a fi nal concentration of 1% (w/v). The isomer of diaminopimelic acid (DAP) in the cell wall and the whole-cell sugar pattern were determined as described by Staneck and Roberts (1994) .
PLA-degrading enzyme production by strain T16-1. A loop of strain T16-1 grown on an ISP-2 slant was inoculated in 100 ml yeast-malt extract broth at 50 C under shaking of 150 rpm for 4 days. The cells were harvested by fi ltration through fi lter paper (Whatman No.1), washed twice and re-suspended in distilled water. A 10% (v/v) aliquot of the cell suspension was inoculated in 250-ml fl asks containing 100 ml of the basal medium (containing per liter, (NH 4 ) 2 SO 4 , 4 g; K 2 HPO 4 , 4 g; KH 2 PO 4 , 2 g; MgSO 4 7H 2 O, 0.2 g; gelatin, 2.4 g; PLA fi lm, 0.35 g, pH 7.0; sterilized at 121 C for 15 min). In our previous study, gelatin was the best organic nitrogen source that served as carbon and nitrogen source as well as inducer. The culture was incubated at 50 C in a rotary shaker at 150 rpm for 4 days; the whole culture broth was then assayed for PLA-degrading enzyme activity.
PLA-degrading enzyme assay. PLA-degrading enzyme activity was assayed at 60 C for 30 min based on the decrease of turbidity by a modifi ed method of Nakamura et al. (2001) . A 0.1% emulsifi ed PLA in 100 mM Tris-HCl buffer (pH 9.0) using an ultrasonic processor was used as substrate. One unit of PLA-degrading activity was defi ned as a 1 unit decrease in optical density at 630 nm under the assay conditions described.
Purifi cation of the PLA-degrading enzyme. Crude enzyme was applied to a 500 ml DEAE-Toyopearl 650C column (5 30 cm) equilibrated with 50 mM phosphate buffer (pH 7.0) and eluted with 500 ml of 0.6 M NaCl stepwise. Active fractions were combined. In a second column, the pooled solution was applied to an 80 ml DEAE-Toyopearl 650S column (5 30 cm) by elution with a linear gradient of 0 0.6 M NaCl and active fractions were collected. Protein concentration was assayed using the Lowry method with bovine serum albumin as a standard. Purifi ed enzyme was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difl uoride (PVDF) membrane, and the N-terminal amino acid sequences of the protein band was analyzed using a PPSQ-21A Shimadzu protein sequencer (Shimadzu, Kyoto, Japan). Searches for sequence similarity were performed on the Blast P databases.
Effect of pH and temperature on enzyme activity. The purifi ed enzyme was assayed at various pH values (4.0 12.5). The buffer systems used were 0.2 M citrate-phosphate buffer (pH 4.0 6.5), 0.2 M phosphate buffer (pH 6.0 8.5), 0.2 M Tris-HCl buffer (pH 8.0 10.5) and 0.2 M glycine-NaOH buffer (pH 10.0 12.5). To examine the effect of pH on PLA-degrading stability, the enzyme was pre-incubated at 4 C for 16 h in buffers of pH 4.0 12.5. The enzyme assay was also determined at various temperatures (30 100 C) (0.2 M phosphate buffer, pH 9.0). Thermal stability of the enzyme was investigated by pre-incubation at various temperatures (30 100 C) for 1 h; the samples were then assayed for residual PLA-degrading activity as described above.
Activity on different substrates. The activities on
was used at 50 mM concentration in 100 mM glycineNaOH buffer (pH 10.0). The enzyme reaction was incubated at 70 C for 10 min. The liberation of p-nitroaniline (pNA) from the respective substrates was spectrophotometrically monitored at 410 nm. Gelatinase and caseinase activities were assayed in 0.1 M glycine-NaOH buffer (pH 10.0) at 70 C for 10 min using gelatin and casein, according to a modifi ed method of Jarerat et al. (2006) . The reaction of gelatinase was terminated by adding 5 ml of HgCl 2 acid solution. After 20 min, the solution was spectrophotometrically determined at 630 nm. Poly (ε-caprolactone) (PCL) degrading activity assay was measured as described above.
Effect of reagents and metal ions on enzyme activity. The purifi ed enzyme was incubated with each reagent, phenylmethanesulphonylfl uoride (PMSF), diisopropyl fl uorophosphates (DFP), 2-mercaptoethanol or 1 mM each metal; Ca 2+ , Cu 2+ , Co 2+ , Mg 2+ , Mn 2+ , Ni 2+ and Zn 2+ for 30 min at room temperature. Residual activity was measured using the standard enzyme assay described above.
Effect of EDTA on enzyme activity. Purifi ed PLAdegrading enzyme was pretreated with 5 mM EDTA at 4 C, overnight. The treated enzyme was dialyzed in 0.05 M phosphate buffer pH 7.0. The remaining activity of EDTA-treated pure enzyme was determined. The effect of metal ions on PLA degrading activity of the ED-TA-treated pure enzyme was determined by using dialyzed enzyme and incubated with 1 mM each metal ion (Ca 2+ ) in the presence and absence of EDTA for 30 min at room temperature. Residual activity was measured using the standard enzyme assay described above.
Results and Discussion

Phylogenic relationship of PLA-degrading strains
Eighty samples of surface layer soil were taken from various forests in Thailand. However, 13 active strains were isolated from only 9 soil samples. This incident indicated that PLA-degrading microorganisms can be attributed to a lower population in the soil as reported by Pranamuda et al. (1997) , Ikura and Kudo (1999) . The maximum with 3.6 cm in diameter of clear zone on an emulsifi ed PLA agar plate was exhibited by strain T16-1 incubated at 50 C for 6 days. Besides, strain B7-3 and B12-1, which were isolated at 40 C, formed small clear zone diameters, 0.3 0.4 cm in diameter on the plate. Among the 13 isolates, strain T16-1 revealed the highest PLA-degrading activity, 22 U/ml, in the liquid culture (data not shown). The clear zone formation on emulsifi ed PLA agar showed a correlation with PLAdegrading activity in culture broth. Phylogenetic study based on 16S rDNA sequences revealed the strains of PLA-degrading microorganisms widely distribute in various families of actinomycetes and bacilli, and show more than 98% similarity to Bacillus licheniformis (family Bacillaceae), Laceyella sacchari, Thermoactinomyces vulgaris (family Thermoactinomycetaceae), Nonomuraea fastidiosa, Nonomuraea terrinata (family Streptosporangiaceae), Micromonospora viridifaciens, Micromonospora echinospora (family Micromonosporaceae), Actinomadura keratinilytica (family Thermomonosporaceae) as shown in Fig. 1 . The several Fig. 1 . Phylogenetic positions of PLA-degrading microorganisms. The phylogenetic tree was constructed by the neighbor-joining method (Saitou and Nei, 1987) . Bootstrap values at branching points are expressed as percentages from 1,000 replications. The scale bar indicates 0.02 substitutions per nucleotide position. T = type strain.
isolates belonging to the families Streptosporangiaceae, Thermomonosporaceae and Micromonosporaceae were found to produce PLA-degrading enzymes at high temperature. Our fi nding draws a distinction to the report of Jarerat et al. (2002) that several actinomycetes limited to only family Pseudonocardiaceae and related genera were capable of degrading PLA. The taxonomic assignments of PLA-degrading actinomycetes were supported by the results of chemotaxonomic and phenotypic studies as shown in Table 1 . Furthermore, strain T16-1 formed cream-yellow substrate mycelium on ISP-2, 4 and 5. Aerial mycelium rarely forms; the color of aerial mycelium is green on ISP-2 and ISP-4, and white on ISP-3. Oligosporic curved chains of spinies spores were borne on aerial hyphae (Fig. 2) . The temperature range for growth was 30 60 C. Skim milk and tween 80 were degraded. The diagnostic amino acid of the peptidoglycan is meso-DAP. Agreement among phenotypic, chemotaxonomic and 16S rDNA sequencing concluded that the strain was identifi ed as Actinomadura keratinilytica, a novel PLA-degrading actinomycetes which produced high PLA-degrading activity.
Purifi cation of PLA-degrading enzyme produced by Actinomadura keratinilytica T16-1
A PLA-degrading enzyme was purifi ed by using 500 ml DEAE-Toyopearl 650C as the fi rst column. All active fractions were pooled and further purifi ed by Fig. 2 . Spore chain formation in Actinomadura sp. T16-1 grown on HV agar for 20 days at 50 C, viewed using a scanning electron microscope.
Magnifi cation 8,000. DEAE-Toyopearl 650S. Table 2 summarizes the results of purifi cation. The PLA-degrading enzyme was purifi ed 13 fold with a recovery of 24% and a specifi c activity of 38.3 U mg 1 protein. SDS-PAGE analysis as shown in Fig. 3 indicated that the molecular weight of purifi ed PLA-degrading enzyme from the strain T16-1 was 30 kDa. In addition, the molecular weight of pure enzyme by native PAGE was found to be the same as on SDS-PAGE, indicating that the enzyme was a monomer. The N-terminal amino acid sequence of the protein was determined for the initial 15 residues (GYQNNPP-SAGLDRAA). A similarity search of the DDBJ nucleic acid sequence database indicated that the N-terminal amino acid sequence of the purifi ed enzyme was different from that of any other registered PLA-degrading enzyme. However, the enzyme had 83% identity with serine protease from Streptomyces avermitilis MA-4680 and 81% identity with alkaline serine protease from Streptomyces pristinaespiralis ATCC 25486.
Effect of pH and temperature on enzyme activity and stability
Purifi ed enzyme showed the optimum pH and temperature at 10.0 and 70 C, respectively. The pH stability of the enzyme was 11 12. However, the enzyme activity remained at 70% when kept at 70 C for 1 h. These results concluded that the purifi ed enzyme worked well under alkaline conditions and a higher temperature than others reported. The purifi ed enzyme as reported by Pranamuda et al. (2001) showed the highest activity at pH 6.0 and temperature 37 45 C. At the same time, purifi ed PLA depolymerase produced by Amycolatopsis strain K104-1 was reported by Nakamura et al. (2001) . The optimum pH for the enzyme activity is 9.5 and temperature is 55 60 C. Recently, three novel purifi ed PLA-degrading enzymes produced by Amycolatopsis orientalis ssp. orientalis had the optimum pH and temperature in a range of 9.5 10.5 and 50 60 C, respectively (Li et al., 2008) .
Activity on different substrates
The purifi ed PLA-degrading enzyme exhibited high degrading activity toward pure PLA, but no activities toward PCL. Interestingly, the enzyme was strongly active on Suc-(Ala) 3 -pNA, gelatin and PLA as substrate, but exhibited relatively lower proteolytic activity against casein (Table 3) . Although the purifi ed enzyme can degrade both protein (peptide bond) and PLA (ester bond), it seems to be more adaptable to catalyze the hydrolysis of the ester bond between lactate units. Pranamuda et al. (2001) reported the purifi ed PLA-degrading enzyme from Amycolatopsis strain-41 was able to degrade casein, silk fi broin and Suc-(Ala) 3 -pNA. The purifi ed PLA depolymerase from Amyco- Fig. 3 . SDS-PAGE of the purifi ed PLA-degrading enzyme from the culture supernatant of Actinomadura sp. T16-1.
Protein marker, M; purifi ed enzyme, 1. The enzyme was electrophoresed in an SDS-PAGE (12%, w/v), and protein bands were stained with Coomassie brilliant blue R-250. latopsis strain K104-1 was reported by Nakamura et al. (2001) which exhibited degrading activity on casein and fi brin, but not collagen-type I, PCL or PHB. Most of the PLA-degrading enzymes are classifi ed as serine protease from Amycolatopsis sp. (Li et al., 2008; Matsuda et al., 2005; Nakamura et al., 2001 ) and lipase from Bacillus sp. (Mayumi et al., 2008) .
Effect of metal ions and reagents on enzyme activity
Ca 2+ , Ni 2+ , Cu 2+ , Mn 2+ and 5 mM mercaptoethanol did not affect PLA-degrading enzyme activity, as shown in Table 4 . The enzyme was strongly inhibited by 5 mM EDTA, DFP and PMSF but Co 2+ stimulated the activity. However, the enzyme activities were slightly affected by 1 mM Zn 2+ and Mg 2+ .
Effect of EDTA on enzyme activity
It was found that treating the pure enzyme with EDTA caused the activity to decrease from 46 units/ml to 10 units/ml. The results shown in Table 5 suggested that metal ions were important for PLA-degrading activity. Finding previously reported by Hadj-Ali et al. (2007) mentioned that about 70% of serine protease activity was inhibited by EDTA, indicating any metal ion such Ca 2+ to be involved in the dimensional structure of protease from Bacillus licheniformis. In addition, the metals also affected the thermal stability of the enzyme through its binding mechanism on protein that prevented unfolding at high temperatures in thermophilic bacteria (James et al., 1991) .
Conclusions
Thirteen PLA-degrading strains which were isolated from forest soils showed PLA-degrading activity in culture broth. By 16S rDNA sequences analysis, all strains were found to belong to various families such as Thermomonosporaceae, Micromonosporaceae, Streptosporangiaceae, Bacillaceae and Thermoactinomycetaceae. Our fi ndings indicated that besides family Pseudonocardiaceae and related genera, other actinomycete strains were also capable of degrading PLA. Among these strains, Actinomadura keratinilytica T16-1 exhibited the highest PLA-degrading activity. The purifi ed enzyme with a specifi c activity of 38.3 unit/mg protein obtained by DEAE-Toyopearl 650C and DEAEToyopearl 650S demonstrated the optimum pH and temperature of 10.0 and 70 C, respectively, which were higher than in previous reports. Metal ions were important for PLA-degrading activity that may be related to the thermostabilty of the protein. According to similarity of the N-terminal amino acid sequence of purifi ed enzyme, hydrolyzing activity against gelatin, Suc-(Ala) 3 -pNA and casein and sensitivity to DFP and PMSF confi rmed that PLA-degrading enzyme produced by Actinomadura keratinilytica strain T16-1 is serine protease, which acted on both peptide and ester bond. The data are mean standard deviations from the mean. The data are mean standard deviations from the mean. The data are mean standard deviations from the mean.
